Lake Tazawa in Akita Prefecture, Japan, is an acidic lake caused by the inflow of low-pH water from Tamagawa Hot Springs. Because of this anthropogenic acidification, many indigenous fish species and aquatic ecosystem have perished. Although several counter-measures such as artificial neutralization have been implemented against the acidic waters of Tamagawa River flowing into Lake Tazawa, the pH level of the lake remained low. Therefore, a bioassay evaluation of the low-pH lake water is necessary for ecosystem restoration. In this study, short-term chronic toxicity tests were applied to observe biological responses of three trophic levels of aquatic organisms using water samples of Lake Tazawa. As a result, Lake Tazawa water has toxic effect on all tested aquatic organisms. Especially, the fish embryo/larvae was directly affected by low-pH water, while algae and crustaceans were affected not only by low pH but other factors such as fluorine ion and metals. In order to improve the water quality management of Lake Tazawa for ecosystem restoration, further efforts are needed to reduce multiple toxic substances in addition to the pH neutralization of lake water.
INTRODUCTION
Currently, there are a total of 462 substances designated as PRTR (Pollutant Release and Transfer Register) Class I Designated Chemical Substances, which are widely considered to exist in the environment and are harmful to ecosystems. Amongst them, 28 items related to preservation of human health and 12 items related to preservation of environmental life designated by the water quality environmental standards are subjected to regulations [1] . These regulation standards were introduced into Japan as PRTR system to reduce outflow of dangerous chemical substances into the environment, which create awareness and improve management of waste substances released by projects in Japan [2] . However, it is also currently possible that unknown toxic substances are still present.
To cope with these unknown chemical substances, the United States adopted the system that uses biological response (bioassay) method of aquatic organisms in whole effluent toxicity (WET) of water quality management system in 1995. In addition, the WET method is not only used in the United States but also in Europe such as Germany and France, and even in Japan's neighboring country of Korea where it is introduced as a method to evaluate and manage wastewater and environmental waters using bioassays [3] . The WET method is advantageous because it is possible to grasp the influence of unregulated substances, the combined effect of multiple chemical substances, and to save the trouble of individually analyzing toxic substances. Additionally, if toxicity is confirmed by the WET method, it indicates that there is a process that enables toxicity reduction evaluation and toxicity identification evaluation to directly reduce the impact of toxic substances on aquatic organisms in a body of water. WET method also differs from conventional chemical analysis and is directly related to the protection of ecosystems in a certain water effluent [4] .
Instead of effluent, in this study, we tested environmental water, that is, Tazawa lake water which is low-pH water and then assumed to include unknown toxic effects for different trophic level organisms. Lake Tazawa is the deepest lake in Japan and located in Akita Prefecture. There used to be abundant aquatic lives in this lake [5] . However, due to the inflow of strong acidic water from geysers in Tamagawa River Hot Springs for a hydroelectric power plant and agricultural irrigation in late 1940s, Lake Tazawa has become an acidic lake. As a result, many indigenous fish species such as kunimasu sp. (Oncorhynchus kawamurae) and other aquatic ecosystem have perished [6, 7] . To solve this problem, the Ministry of Land, Infrastructure and Transportation of Japan and Akita Prefecture implemented several measures, including the construction of Tamagawa Dam Project in 1991, against the acidic waters of Tamagawa River flowing into Lake Tazawa. In addition, lime neutralization treatment was also conducted by a neutralization treatment facility near the lake. Although these efforts greatly improved the water quality of lake Tazawa, the lake remained at an acidity of pH 4.9-5.4 by the 2000s.
The decrease of pH has serious impact on the lake ecosystem. Similar to Lake Tazawa, it was reported that acidification leads to the reduction of the diversity and abundance of aquatic species in other lakes [8, 9] . Additionally, the pH level affects the metal toxicity to aquatic organisms. For example, the toxicity of copper and zinc decreases at low pH [10] [11] [12] [13] due to hydrogen ion competition with metal uptake [10] and/ or the change in metal speciation with pH change [12] . The pH variation also affects the toxicity of nickel mainly due to metal speciation [13] . Since these effects multiply and affect the bioassay depending on the tested water quality [14, 15] , the basic evaluation of the influences of the pH level on the bioassay in specific lake is necessary.
In the present study, short-term chronic toxicity tests were conducted to observe biological responses of three types of aquatic organisms such as algae, daphnia and fish to Lake Tazawa water. The aim of this study is to clarify the impact of the low-pH water on aquatic organisms as well as that of the neutralization treatment process based on the WET methodology. From the results, the measures to manage the water quality of Lake Tazawa based on the evaluation of the toxicity identification were discussed.
MATERIALS AND METHODS

Collection of test water samples
Lake Tazawa is the deepest lake in Japan, located in Akita Prefecture. The profiles of Lake Tazawa are as follows: depth is 423 m, water volume is 7.2 km 3 , and area is 25.8 km 2 . Based on the local governmental reports from 2015 to 2017, the pH values in the lake have been reported to be as low as 4.9 to 5.4. The decrease of pH is mainly caused by the inflow from Tamagawa Hot Spring area. Other water qualities meet Japanese environmental standard. For example, the reported ranges of the water qualities from the same reports were 7.6-13 mg/L for dissolved oxygen, <0.5-0.6 mg/L for chemical oxygen demand, 0.11-0.29 mg/L for total nitrogen and <0.003-0.005 mg/L for total phosphorus.
Water sampling was conducted at the point in Lake Tazawa shown in Fig. 1 , in April 29th and August 3rd, 2015. In April, river water inflow to Lake Tazawa is generally diluted by melted snow, which means that toxic substances derived from the watershed would be the most diluted than any other month. Thus, the results with the water samples taken in April should be reflected by the lowest toxicity condition. The sampling point was far enough from the lake shoreline to eliminate the influence of domestic wastewater. About 20 L of surface water samples were taken and pH, dissolved oxygen (DO) and electric conductivity (EC) were measured in the field. 
Short-term chronic toxicity tests
The short-term chronic toxicity tests were conducted as summarized in Table 1 . In this study, three types of aquatic organisms were used to determine the biological responses towards lake water samples: Pseudokirchneriella subcapitata, Ceriodaphnia dubia and zebrafish (Danio rerio). In each experiment, five different dilutions were prepared to assess the toxicity. In addition, the lake water samples with adjusted/unadjusted pH were prepared in each experiment to clarify the impact of the pH difference. The pH of the water sample for the adjusted pH experiments was set around 7.0, which is reflected by lime neutralization treatment process in the Lake Tazawa area. The pH settings of the experiments were automatically determined by the percentage of lake water samples and pH of the solution and breeding water.
Toxicity was evaluated based on the indices as follows: half maximal effective concentration (EC50), lethal concentration (LC50), no observed effect concentration (NOEC), and toxicity unit (TU). TU was determined by dividing 100 by NOEC. These indices were calculated using Ecotox-Statics Ver. 2.6 provided by the Japanese Society of Environmental Toxicology.
Algae growth inhibition test
Algae growth inhibition test was conducted according to the Organization for Economic Cooperation and Development (OECD) test guideline No. 1003.0 on Pseudokirchneriella subcapitata in test water dilutions of Lake Tazawa water sample. A set of 6 flasks of controlled group of 0% Lake Tazawa water sample and a set of two flasks of variable group with increasing Lake Tazawa concentrations of 20%, 40%, 80% and 95% were prepared. In order to directly as-sess the influence of the pH toxicity, two types of test water samples were prepared: one was unadjusted pH and the other was adjusted pH to 6.9. The test was conducted in 100-ml suspensions exposed to continuous fluorescent lamp illumination at 23 ± 2°C in an orbital shaking culture for 72 hours. The experimental apparatus was moved twice a day in the morning and afternoon to keep the conditions of the lighting and temperature exposure. The absorbance rate was measured at a wavelength of 450 nm using a spectrophotometer. The number of cells was calculated using a calibration curve determined in advance and analyzed using Ecotox-Statics Ver. 2.6.
Daphnia breeding and survival test
Daphnia breeding and survival test was conducted according to the OECD test guideline No. 1002.0 on Ceriodaphnia dubia in 10x15ml of test water dilutions of Lake Tazawa water sample. The breeding water was treated by aerating tap water and subjected to dechlorination treatment as stated in Table 2 . A set of controlled group of 0% Lake Tazawa water sample, and sets of variable group with increasing Lake Tazawa concentrations of 20%, 40%, 80% and 95% were prepared. Similar to the algae test, two types of test water samples were prepared; one was unadjusted pH and the other was adjusted pH to 8.0. Each concentration group consisted of 10 replicate species and given 40µL-mixturefood (chlorella and YCT (yeast, cerophyll and trout chow)) daily and solutions renewed every two days. Number of daphnia offspring and survival rate of up to three generations of parent daphnia in 7 days were observed and analyzed by Ecotox-Statics Ver.2.6.
Short-term toxicity test on fish sac-fry stages
Short-term toxicity test on fish sac-fry stages was conducted according to OECD test guideline No. 1000.0 on Danio rerio purchased from a local fish farmer. Male and female 
RESULTS AND DISCUSSION
Water quality data Table 3 shows the water quality data collected in April of 2015. From the analysis, pH was 5.3, DO was 9.98 mg/L, EC was 10.75 mS/m, F − concentration was 0.58 mg/L, SO 4 2− concentration was 20.81 mg/L, and Ca 2+ concentration was 8.37 mg/L. Although the concentrations of some items such as Ca 2+ , F − , and Cl − were higher in August than in April, the water quality in August was almost the same as that in April.
Algae growth inhibition test
The result of algae growth inhibition test is shown in Fig.  2 . The growth rate was assessed by the relative percentage to the growth rate in only medium: the percentage of water sample is 0%. From 0% to 40% solutions, the relative growth rates were almost 100%, which means that the inhibition effect was not observed. On the other hand, the growth inhibition rate decreased with increasing dilution ratio over 80% solutions. A significant difference (** p<0.01) was observed at water sample concentrations of 80% and 95% irrespective of pH adjustment. NOEC and TU were determined to be 40% and 2.5, respectively.
Daphnia breeding and survival test
The results of daphnia breeding and survival test in the unadjusted and the adjusted pH solutions are shown in Fig.  3 and Fig. 4 , respectively. Similar to the results of algae inhibition test, the inhibition effect looks significant with the increase of water sample dilutions. However, a significant difference (** p<0.01) was only observed in 100% solutions in the case of both the unadjusted and adjusted pH settings. Especially in the unadjusted pH experiment, the cumulative average of daphnia offspring was drastically low in 100% solutions with pH value as low as 5.4. In that case, the mortality 
Short-term toxicity test on fish sac-fry stages
The results of short-term toxicity test on fish sac-fry stages using water samples taken in April and August are shown in Fig. 5 and Fig. 6 , respectively. In these tests, no toxicity influences on hatching rate could be observed in both water samples of April and August. As for fish embryo/larvae lethal rate, there were no significant differences in April. In contrast, in August, fish embryo/larvae mortality rate was observed in 100% solution with pH of 5.3 in the unadjusted pH water sample and a significant difference (* p<0.05) was observed, as shown in Fig. 6 .
Based on the experiments, NOEC and TU for hatching rate were determined to be over 100% and less than one, respectively, in both the unadjusted pH and the adjusted pH experiments. On the other hand, NOEC and TU for fish embryo/ larvae lethal rate were different in both experiments, which were determined to be 80% and 1.25 in the unadjusted pH experiment and over 100% and less than one in the adjusted pH experiment. Table 4 summarizes the results of the experiments. It was revealed that all the tested organisms were negatively affected by Lake Tazawa water. Judging from NOEC and TU, the toxicity for all tested organisms was observed in the unadjusted pH series; the toxicity for algae and crustaceans was only observed in the adjusted pH series. Although the effect of the pH difference was not significant for algae and crustaceans, the mortality rate of fish was improved by adjusting the pH levels. Since the toxic effect was not observed in the adjusted pH series, this negative effect for fish would be caused by the effect of acidic water. It was reported that fish embryo/larvae body can't maintain the constant pressure of the acidic water [16] . These results indicate that the direct toxicity of the pH effect would be more sensitive to fish embryo/larvae than algae and crustaceans. In addition to the direct pH effect, there are other factors in Lake Tazawa. For example, F − can cause negative effects towards freshwater organisms such as freshwater algae and invertebrates, which can affect at least 0.5 mg/L [17] . The concentration of F − was 0.58 mg/L in April and particularly high in August with a value of 1.03 mg/L. Although The F − concentration in April met the environmental quality standard value in Japan (0.8 mg/L), it would cause a negative effect on fresh water organisms in our experiments. Furthermore, unfavorable concentrations of Al 3+ can be harmful towards freshwater invertebrates such as bivalves and crustaceans because it replaces calcium cation in their bodies [18] . The concentrations of Al 3+ were recorded as much as 0.3-0.7 mg/L in Akita Prefectural Reports for the past decade in Lake Tazawa and have yet remained unchanged. It was also reported that the concentration of boron, one of the environmental quality parameters for water pollution, was detected to be 0.1 mg/L from 2015 to 2017 by yearly sampling. Although such metal's influences were not examined in this study, they would multiply the effect of water's toxicity with the pH variation in our experiments and inside the lake.
Evaluation of the toxicity in Lake Tazawa water
CONCLUSION
The impact of the low-pH water in Lake Tazawa was evaluated based on bioassay with three aquatic organisms of different trophic levels. Acidified Lake Tazawa water negatively affected all the tested organisms. Additionally, the fish embryo/larvae were directly affected by low-pH water, while algae and crustaceans were considered to be affected not only by low pH but other factors such as F − , Al 3+ , and boron concentrations. In order to improve the water quality management of Lake Tazawa for ecosystem restoration, further efforts are needed to reduce multiple toxic substances in addition to the pH neutralization of lake water.
